Summary The interrelationship among external 02 and glucose supply, oxygenation status, oxygen consumption rates and cellular viability in tumour microregions was studied using the multicellular spheroid model. For chronic exposure to various supply conditions multicellular EMT6/Ro spheroids were cultured in stirred media equilibrated either with 20% (v/v) or 5% (v/v) oxygen and containing four different glucose concentrations ranging from 0.8mm to 16.5mM. Spheroids were investigated using histology and 02-sensitive microelectrodes for measuring oxygen tension (PO ) values. A chronic decrease of the glucose concentration in the medium is associated with a substantial reduction in the thickness of the viable rim of cells and with a persistent increase in the cellular respiration rate. In general, both viable rim size and respiration are decreased through restriction of 02 supply during spheroid growth at a given external glucose concentration. The 02 consumption in spheroids appears to decrease with increasing spheroid size under most of the growth conditions investigated. These findings provide evidence for a large capacity of the spheroid cells to chronically adapt their metabolic rates to different supply situations. The experimental data and theoretical considerations indicate that necrosis may develop in the centre of these spheroids due to the lack of 02 and/or glucose under some of the growth conditions, but central necrosis can also occur despite sufficient 02 and glucose supply. Consequently, cellular metabolism and viability in tumour microregions may not be determined by the diffusion limitation of O2 or specific substrates alone, such as glucose, but may be influenced by a complex interaction of factors in the micromilieu the majority of which are still unknown.
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Malignant cells in solid tumours are exposed to special environmental conditions generated by an inadequate and inhomogeneous vascular supply. This particular micromilieu of cancer cells in vivo is often characterized by hypoxia, anoxia, acidosis and by accumulation of metabolic waste products. On the other hand, sufficiently supplied areas may exist next to the regions with restricted supply and removal of metabolic wastes (Vaupel et al., 1981) . Hence, cells in various metabolic and proliferative states can be found within a tumour leading to a large variability of the cellular sensitivity to tumour treatment. The existence of such heterogeneous cell populations is one of the major problems in tumour therapy (Poste & Greig, 1983) .
Although it has been generally accepted that factors in the cellular microenvironment, such as oxygen and glucose concentration, may influence the metabolism and proliferation of cells (and vice versa) (Ceccarini & Eagle, 1971; Balin et al., 1976; Gupta & Eberle, 1984) . However, investigations using spherical cellular aggregates, i.e. multicellular spheroids, strongly suggest that the metabolic and proliferative behaviour of cells in a threedimensional array is different from that of cells grown as monolayers (Sutherland & Durand, 1976; Freyer & Sutherland, 1984 , 1985a .
Since spheroids are characterized by a threedimensional array of intracellular junctions (Dertinger & Hiilser, 1981) , an extracellular matrix similar to that found in tissues in vivo (Angello & Hosick, 1982; Nederman et al., 1984) , and a diffusion-limited supply of nutrients and removal of metabolic waste products (Franko & Sutherland, 1979a,b) , these cell aggregates can serve as in vitro models for tumour microregions. Variations in the nutritive supply of tumour microregions can be mimicked in the spheroid system by changing factors in the culture medium. Thus, the interrelationship among nutrient supply, micro-environment, metabolism, proliferation and viability of tumour cells in spheroids can be studied quantitatively by controlled manipulation of the external supply conditions. The present study was undertaken to investigate the impact of the external 02 and glucose supply on the oxygenation, oxygen consumption rate and on the development of central necrosis in multicellular tumour spheroids. The spheroids were continuously cultured in media with different 02 and glucose concentrations, i.e. they were chronically exposed to these environmental conditions for several weeks. This situation is different from that in previous studies on actue changes in the external supply, e.g. in studies of the influence of acute variations in the glucose concentration on the cellular respiration, as reported by Crabtree (1929) .
The present investigations were performed using media with an 02 content normal for cell cultures, i.e. with 20% (v/v) 02 in the equilibrating gas phase, or using media with a considerably lower 02 concentration. The in vivo situation of cancer cells may be approximated more closely by the latter culturing conditions rather than by the standard conditions. Hence, the conclusions drawn from the latter series of experiments may be highly relevant not only for malignant cells in spheroids but also for cancer cells in solid tumours.
Materials and methods
Monolayer and spheroid culturing EMT6/Ro mouse mammary tumour cells (Rockwell et al., 1972) were maintained in Eagle's basal medium (BME) supplemented with 15% foetal bovine serum (FBS, Flow Laboratory) (Freyer & Sutherland, 1980) . Spheroid growth was initiated from cells in the exponential growth phase by inoculating 5 x 104 cells in 5.0 ml of medium into microbiological Petri dishes (Lab-Tek Products) . Four days after initiation of spheroid growth, the cell aggregates were transferred into spinner flasks (Bellco) containing 200 ml of normal BME equilibrated with 3% (v/v) CO2 and air. Two days later, the spheroids were sorted according to their size (Wigle et al., 1983) . Spheroids with an average diameter of 150gm (±15 um) were obtained after sorting. These spheroids were then transferred to spinner flasks each containing 2,000 spheroids in 200ml of medium. Media (BME) with 4 different glucose concentrations, i.e. 0.8, 1.8, 5.5, and 16.5mm including glucose in the serum were used. Four flasks containing these different media were gassed with 3% (v/v) CO2 and air, whereas another four flasks with the same media were equilibrated with 5% (v/v) 02, 3% (v/v) CO2 and N2. Thus, spheroids were cultured under 8 different conditions with regard to the external 02 and glucose supply. Since BME with 5.5mm glucose equilibrated with 3% (v/v) CO2 and air has been routinely used in many earlier experiments on EMT6 cells, these conditions are referred to as 'standard growth conditions'.
To maintain the growth conditions fairly constant, media were exchanged every 12 h. In addition, spheroids were routinely removed from the spinner flasks in such a way that the total number of cells per flask remained constant during the entire period of spheroid growth. No significant changes in 02, glucose and H+ concentrations in the media occurred during the time between replenishing the media. To avoid major changes in the external supply during medium changes media were prewarmed and gassed appropriately before the exchange. This is particularly important when culturing spheroids in low 02 concentrations. Further details concerning spheroid culturing volume growth and cell content of the spheroids or the proliferative status of the spheroid cells are given elsewhere (Freyer & Sutherland, 1985a, b) .
Histology
For histological investigations serial thin-sections stained with haematoxylin and eosin were made from representative populations of spheroids. The thicknesses of the viable cell rims were determined from central sections of 20 spheroids for each growth condition investigated (Freyer & Sutherland, 1985a, b) . All the cells that did not show any degenerative changes in their histological structure were assigned viable.
Oxygen tension measurements in spheroids
Distributions of oxygen tension (Po2) values in the spheroids were recorded by using 02-sensitive microelectrodes under conditions similar to those to which the spheroids were exposed during growth (Mueller-Klieser & Sutherland, 1982a,b) . These Po2 measurements were performed in spheroids kept in stirred media that closely approximated those used for spheroid culturing in spinner flasks, i.e. microelectrode measurements were made in media with 8 different 02 and glucose concentrations.
Values were recorded on radial tracks through the centre of the spheroids considering only the first half of the Po2-profile for evaluation. Oxygen consumption rates and oxygen diffusion properties in spheroids Recently, a semi-analytical method has been described for the determination of 02 consumption rates and 02 diffusion coefficients from steady state Po2-profiles in multicellular spheroids (MuellerKlieser, 1984) . The method utilized previous findings showing that spheroids in stirred media are surrounded by a diffusion-depleted zone with Po2 values continuously decreasing from the bulk medium towards the spheroid surface (MuellerKlieser & Sutherland, 1982a, b) . It was demonstrated that the Po2 gradient in this diffusion-depleted layer of medium next to the spheroid surface is directly proportional to the volume-related 02 consumption rate (Q) in the spheroids. Thus, it is possible to directly determine the 02 consumption inside spheroids by measuring the Po2 gradient outside spheroids. Krogh's diffusion constant K, (='02 diffusion conductivity') in the spheroids can be derived from the Po2 gradient inside the viable rim of spheroids by similar considerations. One essential prerequisite of this evaluation procedure is the uniformity of Q and K, within the viable part of the spheroids.
Results
The Po2 profiles obtained were similar to those measured previously (Mueller-Klieser & Sutherland, 1982a, b; Mueller-Klieser et al., 1983) . As representative examples, two profiles in spheroids cultured in media with either low or high Po2 values and with two different glucose concentrations (0.8 mm or 1.8 mM) are shown in Figure 1 . The Po2 profiles are characterized by an external diffusion-depleted zone near the surface of the spheroid, an internal steep gradient across the viable rim of the spheroid, and a central plateau which includes the necrotic area. The symbols in Figure 1 represent experimental datum points obtained from steady state Po2 readings at different locations with regard to the spheroid centre. The solid lines are theoretical Po2 distributions as a result of the diffusion calculations mentioned before. It is obvious that the experimental data points can be sufficiently approximated using uniform values for the' volume-related 02 consumption rate Q and for Krogh's diffusion constant K.. This was true for all the different growth conditions investigated.
To evaluate the oxygenation status of the spheroids during growth, the central Po2 was recorded as a function of spheroid diameter. The data are shown in Figure 2 for the high Po2 and for four different glucose concentrations in the and OmmHg, as the glucose concentration in the growth medium was lowered from 5.5 mm to 1.8 mm and 0.8mm, respectively. This trend was true for spheroids up to diameters of l1,000pm. In larger spheroids the correlation between glucose supply and central Po2 was reversed. In general, there was a tendency toward increasing central Po2 values with increasing size in large spheroids under all these culture conditions. Spheroids cultured in 0.8 mm glucose exhibited a large variability in central Po2 as a function of size when they were grown to diameters >900 pm. The differences in the size ranges investigated are mainly due to the fact that spheroids in low glucose concentrations could not be grown to diameters as large as those obtained in high glucose concentrations.
The central Po2 values in spheroids cultured in 16.5mm were also lower than those in spheroids grown under standard conditions, if spheroids <1,000 pm in diameter are considered (see Figure   2 ). In spheroids > 1,000 pm the central Po2 was slightly higher in medium with high glucose concentrations than in standard medium, yet dropped to 0mm Hg in very large spheroids.
In Figure 3 the correlation between central Po2 and spheroid size is shown for spheroids grown in media with four different glucose concentrations and with a Po2 in the medium of 40mm Hg. For comparison, the corresponding correlation in spheroids cultured under standard growth conditions is also plotted in these diagrams. Central Po2 values were at 0 mm Hg or a few millimetres of mercury under all of these conditions except for the small spheroids grown in medium containing 0.8 mm glucose. By comparing Figure 2 and Figure  3 it can be seen that at constant glucose concentrations a decreased Po2 in the mdeium during spheroid growth was associated with a reduction in spheroid oxygenation, as expected. The data in Figure 3 also demonstrate that a reduction of the glucose concentration from 5.5 mm to 0.8 mm in media with a lowered Po2 was paralleled by an elevation of the central Po2 values from 1 to 10mmHg if average values for the size range of 300-500,pm were considered. In media containing 0.8mm glucose at low Po2 values, the spheroids did not reach diameters of 1,000 pm, so that central Po2 values could only be measured over a relatively small range of spheroid sizes.
The findings that lowering or increasing the glucose concentration in media during spheroid growth can lead to a deterioration of spheroid oxygenation, and that lowering glucose concentration may, on the other hand, increase central Po2 values under certain conditions, strongly suggest that the external 02 and glucose supply conditions may alter the oxygenation status of spheroids by at least two different, partially counteracting mechanisms. Apparently, the impact of the external supply conditions on central Po2 values is mediated through influences on: (i) the total number of respiring cells per spheroid; and (ii) the respiratory activity of the individual cells.
To estimate the number of viable cells per spheroid, the thickness of the viable rim was determined in spheroids cultured under all the supply conditions investigated. In general, the thickness of the viable rim was less in spheroids cultured in low glucose concentrations than in those maintained in high glucose concentrations (see Figure 4 ). This holds for spheroids cultured in media with a standard Po2 as well as with reduced external 02 supply, however, in the latter case there was little change in rim thickness when the glucose concentration was lowered from 1.8 to 0.8 mm. At a given glucose concentration, the viable rim was thinner in media with a low Po2 value than in those equilibrated with air. However, in media containing 16.5mm glucose this correlation is reversed (P <0.05). Knowing the volume of viable cells (see Figure  4) , the 02 consumption rate per volume of 'viable tissue' (Q) can be derived from the Po2 gradient in the diffusion-depleted zone as mentioned before. The results of this procedure are demonstrated in Figure 5 for all the growth conditions investigated. Compared to standard growth conditions, lowering of the glucose concentration in the growth media leads to an increase in Q. For example, when the glucose concentration was lowered from 5.5 to 0.8mm, the mean Q values was elevated from 3.09 to5.73xl0-4cm 3cm3 1 A similar increase in Q was observed during the same change in glucose concentration but using growth media with a lowered Po2. At a given glucose concentration, a decrease in the external Po2 was paralleled by a considerable reduction in Q, which is true for all glucose concentrations investigated. For example, the average Q value was reduced from 3.09 to 1.65x1V-cmO cm3 s1 when the Po2 in media containing 5.5mM glucose was changed from 145 mm Hg to -40 mm Hg (see Figure 5 ). An increase in the glucose concentration from 5.5 to 16.5 mm did not induce any substantial changes in Q in spheroids cultured in media with either low or high Po2 values. The small differences observed in media with a reduced Po2 (see Figure  5) was not statistically significant (P>0.05).
The data shown in Figure 5 represent the mean (± s.e.) volume-related 02 consumption rates in populations of spheroids of a wide range of sizes. Considering the Q values of each individual spheroid measured independently a trend of changes in Q with spheroid size could be observed; this is demonstrated in Figure 6 for the eight different culturing conditions investigated. Despite a considerable scatter in the data, there is evidence for a decrease in Q with increasing spheroid diameter in at least six out of eight different growth conditions. In addition, the Q values indicate that this tendency may be particularly pronounced in the size range containing the smallest spheroids. The scatter in the data is more pronounced at a glucose concentration of 0.8 mm than at higher glucose concentrations. The variability in central Po2 mentioned before under the respective growth conditions, may therefore be mainly attributed to a variability in the respiration rate of individual spheroids cultured under the same conditions. The 02 diffusion conductivity (K3) in the spheroids, which was derived from the Po2 gradient in the viable zones of the spheroids (MuellerKlieser, 1984) , was essentially the same under all growth conditions investigated being 1.85-1.89 x 10-5 cm32 -cCm-1 min-1 atm-'. This value is in good agreement with the values found in solid tumours (Grote et al., 1977) . The values obtained for K3 and Q and the data from histological investigation on the thickness of the viable rims allow the theoretical calculation of P02 profiles that are in accordance with the Po2 distributions measured (see Figure 1) .
F Discussion
The results of the present investigation clearly show that there is a large influence of both the external glucose and 02 supply during spheroid growth on the oxygenation status of tumour cells in multicellular spheroids. These changes are mediated through an impact of the glucose concentration and of the 02 tension in the growth media on both the cellular viability and on the volume-related 02 consumption rate (Q) in the viable area of the spheroid. Since significant changes in cellular packing density during spheroid growth have not been observed in EMT6-spheroids (Freyer & Sutherland, 1985c) , the changes in Q probably results from variations in the respiratory activity of the cells.
In the present study, the tumour cells are continuously exposed to different external glucose concentrations for a period of several weeks. This leads to persistent changes in Q which are qualitatively similar to those observed by Crabtree (1929), i.e. an increase in the extracellular glucose concentration is followed by a decrease in 02 consumption at least within a certain range of glucose concentrations (see Figure 5) . However, those changes in cellular respiration, which are commonly referred to as the Crabtree effect, are elicited by acute changes in the external glucose supply. In contrast to the present observation, the Crabtree effect is a transient phenomenon with a variation in respiration that is much smaller than the changes in Q shown in Figure 5 . To our knowledge changes in the oxygen consumption rate.
of tumour cells suggesting a chronic adaptation of metabolism to varying external glucose supply conditions have not been described previously. This adaptation of metabolism may also occur in tumour cells in vivo and may, thus, be relevant for tumour growth and susceptibility to treatment.
The Figure 3) , the Po2 gradients are steep throughout the viable rim of the respective spheroids. This finding indicates the absence of any substantial reduction in Q in the inner parts versus the outer parts of these spheroids. A possible reduction in Q as a consequence of lowered but still suffcient 02 supply would be associated with an increase in the 02 diffusion length and would, therefore, be of great significance for tumour growth in vivo.
Spheroid size may also influence the 02 consumption rate (see Figure 6) . A large change in Q, as a function of spheroid size, has been found recently by Freyer & Sutherland (1984) in spheroids from V79 cells. The 02 consumption rate in very small V79 spheroids was similar to that of single cells, yet dropped to approximately one third to one fourth of that value when spheroids grew from diameters of 200 m up to 400pm. Little further decrease in Q was observed beyond that stage of growth. The data presented here suggest that considerable changes in Q may also occur in EMT6 spheroids during growth, but these changes may be distributed over a wider diameter range than in the case of V79 spheroids. This is confirmed by recent observations in EMT6 spheroids cultured under standard growth conditions (Freyer & Sutherland, 1985c; Mueller-Klieser et al., 1986) . Since similar changes may be true for all the culture conditions investigated (see Figure 6 ), changes in Q during spheroid growth may, therefore, not be a result of one specific supply situation but rather a general characteristic of three-dimensional growth of tumour cells.
The method for the determination of Q used in this study does not account for local variations in Q within the viable rim of spheroids. Such variations may occur due to changes in the proliferative status and/or in the cell packing density in spheroids (Grossmann et al., 1984; Sutherland et al., 1985) . Since almost all of the experimental Po2 profiles recorded in this investigation can be sufficiently approximated using constant Q values (e.g. see Figure 1 ), it is concluded that only minor local changes in Q may be present in EMT6-spheroids even when cultured under different supply conditions. This is surprising, because proliferative gradients have been found previously in EMT6 spheroids (Freyer & Sutherland, 1980) , so that one would expect a nonuniform 02 consumption across the viable rim of these spheroids. A factor that may counteract the reduction of Q in the inner part versus the outer part of spheroids may be a decreasing glucose concentration with increasing distance into the spheroid. Also, cell-cell interaction may have an influence on Q, e.g. by modifying the interrelationship among Q and the proliferative status of the cells. In a recent study, the authors have found significant local variations of Q in spheroids from a human colon carcinoma using similar techniques as in the present investigation . Thus, the data available at present suggest that local variations in Q may be an intrinsic characteristic of the cell line used and they may depend on the culturing technique used for spheroid growth.
An impact of the 02 tension in the growth media on the thickness of the viable rim in V79 spheroids has been demonstrated in previous investigations (Franko & Sutherland, 1979a) . With the exception of media with high glucose concentration, the present data from EMT6 spheroids confirm those earlier findings, since a decrease in the external 02 tension leads to a reduction in the viable rim thickness (see Figure 4 ). In addition, the present data demonstrate that the viable rim thickness is strongly dependent on the external glucose concentration both for low and high external 02 tensions (see Figure 4) .
In general, there is a deterioration of the spheroid oxygenation during spheroid growth as indicated by a decrease in the central Po2 with increasing spheroid diameter (see Figures 2 and 3) . The central Po2 decreases from very high values (>>0 mm Hg) towards minimum values of 0 or a few mm Hg, and then stays at this level or increases again with further spheroid growth. Diffusion calculations and histological observations indicate that the increase in the central Po2 in larger spheroids is mainly due to a decrease in the thickness of the viable cell rim, i.e., by a reduction in the number of respiring cells at a given spheroid size (Freyer & Sutherland, 1985a, b) . The diameter at which the minimum central Po2 is reached appears to be strongly dependent on the external 02 and glucose supply during spheroid growth. Thus, the interrelationship among central Po2 and spheroid size may show a similar pattern under all growth conditions investigated, yet the decrease of the central Po2 with increasing spheroid size has not been detected under some of these conditions since the minimum central Po2 has been already reached in very small spheroids not suited for microelectrode measurements (see Figures 2 and 3) .
There is evidence from the present data, from data published previously (Carlsson et al., 1979; Mueller-Klieser & Sutherland, 1982a, b; MuellerKlieser et al., 1983) as well as from theoretical considerations (Mueller-Klieser, 1984; Freyer & Sutherland, 1985a, b) that necrosis in spheroids may develop despite sufficient 02 supply. This is true for most of the supply conditions investigated, yet in media with 5.5 mm glucose and a Po2 of 35-40mmHg the central Po2 had dropped to 0mmHg before necrosis arises in the spheroid centre.
Therefore, lack of oxygen may induce cell death in spheroid centres under those conditions which closely approximate the supply conditions of cells in solid tumours.
It can be shown by theoretical considerations that limitation of glucose supply may also be the cause of the development of necrosis in some of the growth conditions investigated; however, necrosis can occur despite sufficient 02 and glucose supply (Mueller-Klieser et al., 1983; Freyer & Sutherland, 1985a,b; Mueller-Klieser, 1985) . Factors other than 02 and glucose depletion that are partially still unknown may therefore be involved in the development of necrosis at least in spheroids cultured under specific supply conditions. The accumulation of metabolic waste products such as H+ ions, lactate or ammonia may play a significant role in causing cell death. On the other hand, it is also possible that products from cell lysis in necrotic areas may also influence cellular viability, proliferation and metabolism. In general, spheroids may not only be considered diffusion-limited tissue models with regard to diffusion of 02 and nutrient into the aggregates. Limitation of the outward diffusion of metabolic waste products may be of equal or even higher relevance for the biolgoical behaviour of the cancer cells in these aggregates.
The data obtained in the present investigation show that cell death in tumours may be the result of interaction of several mechanisms and may be more complex than seen from the 'classical' point of view of only 02 diffusion limiation as postulated by Thomlinson & Gray (1955) . The capacity observed of tumours cells to adapt their proliferative and metabolic status to various environmental situations impedes predictions on diffusion distances in tumours in vivo. The findings make it evident that more research should be done to further elucidate pathophysiological mechanisms determining cellular viability, proliferation and metabolism in solid tumours.
